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A mathematical model of the nitrogen cycle in a bioregenerative life support system (BLSS) was developed ta help
conceptualize and quantify nitrogen flux and storage in BLSS processes and subsystems. The mathematical model
was initially designed as a simple mass balance, donor-controlled system that quantified the amount of nitrogen in
moles per person. Dynamic equations were then applied to describe certain relationships more accurately. Compari-
son of nitrogen fluxes suggests that even at very low atmospheric leakage rates, loss of nitrogen gas would account
for the largest nitrogen movement in the “closed” system. This observation decreases the relative importance of
denitrification and nitrification in closed system nitrogen balances. Sensitivity analysis was used to determine the
relative stability of various model subsystems, and demonstrated the importance of plant nitrogen uptake on overall
system dynamics of nitrogen.

Nitrogen Modeling
Closed systems

Advanced life support (ALS) Bioregenerative life support system (BLSS)
Controlled ecological life support system {CELSS)

INTRODUCTION and unavailable inorganic molecules, as well as nitro-
gen-containing organic molecules.

This work describes the development and prelimi-
nary testing of a simple, mass balance model of nitro-
gen cycling within a bioregenerative life support sys-

tem. This model will be useful for 1) conceptualizing

Bioregenerative life support will be an important tool
in the establishment of a permanent manned presence
in space. A bioregenerative life support system (BLSS)
would function as a self-contained ecosystem, provid-

ing food, atmospheric regeneration, and recycled wa-
ter for human needs. Closure of the BLSS would re-
quire a balance in the cycling of all material elements
in the system. Nitrogen is important in biclogical sys-
temns as a component of biological molecules (e.g., pro-
teins, nucleic acids). In addition, nitrogen undergoes
several biologically mediated transformations in oxi-
dation state. It is cycled among biclogically available

the major reservoirs and fluxes of nitrogen within the
system, 2) developing 2 preliminary understanding of
important subsystems, and 3) identifying areas where
further research is necessary to better define flux and
reservoir estimates. These analyses will lead to the iden-
tification of critical areas requiring control mechanisms
(i.e., those that most greatly affect overall nitrogen flux
within the system).

‘Address comrespondence to Colicen Loader. Tel: (407) 833-3148; Fax: (407) 853-4220.
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METHODS
The Model Structure

The model simulates the nitrogen cycle of a fully
closed bioregenerative life support system based on 1)
plant growth for food production, atmospheric regen-
eration, and water purification; 2) aerobic microbial
processing of wastes (both inedible plant material and
human waste); and 3) secondary food production based
on aquaculture,

The entire model was scaled to a one-person level.
The model was designed as a steady-state mass bal-
ance model (i.e., the net flux for each stock of nitrogen
was set to zero). Accordingly, all flux values were de-
termined as moles of nitrogen per person per day,
whereas stock, or reservoir, values (the amount of ni-
trogen residing in the system components) were deter-
mined as moles of nitrogen per person. The majority of

fluxes in the dynamic model were based on simple do-
nor-controlled equations. These linear equations
equaled the donor stock multiplied by a coefficient; the
ratio of the steady-state flux divided by the steady-state
donor stack. Exceptions were made for several fluxes
to allow the model to act more realistically. The model
diagram is presented with the steady-state values in
Figure 1, where arrows represent the fluxes and boxes
represent the stocks.

Biological transformations in the valence state of
nitrogen are accounted for in the model. The rati¢ of
ammoniurn and nitrate ions generated from the aerobic
bioreactor and aquaculture subsystems is controlled by
the nitrification reactor prior to introduction into the
hydroponic subsystem. Nitrifying microorganisms con-
tained in this bioreactor are chemoautotrophs, which
convert ammonium t0 nitrate as a source of energy. The
model also accounts for denitrification by microorgan-
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Figure 1. Schematic representation of the initial mathematical model of the nitrogen cycle in a closed bioregenerative life support system. The
arrows represent the fluxes and the objects represent the reservoirs. The numbers associated with each represent the inital values. Flux values
are presented in moles of nitrogen per person per day, whereas reservoir values are presented in moles of nitrogen per persen. Tumover rates

are represented in days (italic type).
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isms in the root zone (or thizosphere) of the plants.
Denitrification is the conversion of nitrate to nitrogen
gas by certain heterotrophic microorganisms that use
nitrate as a terminal electron acceptor under microaero-
philic or anaerobic conditions. A nitrogen-fixing sys-
tem based on the conversion of nitrogen gas to organic
nitrogen through the action of selected microorganisms
is also included in the model.

Source for Model Variables

The quantity of gaseous nitrogen in the atmosphere
was calculated based on 2 total volume of 100 m®, ap-
proximately the same as that of the Biomass Produc-
tion Chamber (BPC), a prototype, large-scale plant
growth facility for BLSS research at Kennedy Space
Center (KSC). Present studies indicate that the BPC
can provide 310 g per day of edible biomass in 20 m?
area (28) or approximately half the quantity of food
required for a typical person (30). It is reasonable to
assume that the size of a one-person bioregenerative
system is the current size of the BPC, given the poten-
tial for increases in plant productivity and more effi-
cient space utilization.

Utilizing standard Earth pressure and the mole frac-
tion of nitrogen in the Earth’s atmosphere, atmospheric
nitrogen amounted to 3190 mol per person. Atmo-
spheric leakage (through seals in construction, extra-
vehicular activities, and even through bulkheads) was
2.8% volume per day on the Apollo 15 spacecraft (3),
and 2.6% volume per day on the Space Shuttles (24).
Leakage in this closed, bioregenerative model was op-
timistically estimated at (.1% per day, resulting in a
flux value of 3.19 mol of nitrogen per day per person.
Leakage was the only flux in the model that created an
imbalance in a stock. However, the assumption is made
that this loss will be compensated for by periodic re-
supply of the facility.

The reservoir and fluxes associated with the human
stock were based on a 70-kg individual, Nitrogen con-
tent of 149 mol per person was calculated based on
Forbes et al. (8). The daily flux of nitrogen in human
waste was estimated at 1.14 mol (4,19,31). Assuming
that the model human is a healthy adult and ignoring
the minor epidermal losses, consumption was consid-
ered equivalent to the waste flux. The equation for con-
sumption was adjusted to represent more accurately the
needs of a real human. Because a human would con-
serve food when harvests and supplies are low, a con-

ditional equation was applied to enable less consump-
tion when food stocks fell below a critical storage level,
considered to be five times normal consumption or 5.7
mol. Consumption was normally 1.14 mol except when
this condition applied; at this point a donor-controlled
equation was employed, at 20% of available swores.

Though a human body works to maintain a homeo-
static nitrogen content through reabsorption in the kid-
neys, under starvation conditions protein will eventu-
ally be degraded and more nitrogen excreted than
consumed (10). For the purpose of this simplistic model,
we assumed homeostatic conditions and sct the equa-
tion for the waste flux equal to the consumption flux.

The Tilapia-based aquaculture subsystem receives its
nitrogen from three sources: processed wastes, algae
from the nitrogen-fixing unit, and fish waste. Recent
studies have shown that the aerobic microbial process-
ing of plant and human waste would provide 0.86 mol
of organic nitrogen per person per day to an aguacul-
ture subsystem (15). Production of cyanobacteria from
the nitrogen-fixing unit {see below) would provide 0.18
mol per day as feed to the Tilapia. Approximately half
of the Tiapia production would be nonfilet biomass
(15), and this mass (0.14 mol of nitrogen per day) could
be recycled as fish feed. Ammonium waste was deter-
mined by taking the difference between inputs and other
outputs to this subsystem: 0.9 mol per person per day.
The nitrogen reservoir within the aquaculture subsystem
was calculated by assuming a daily harvest of 0.1% of
the stock and a 100-day growth period: 28 mol of ni-
trogen per person. This reservoir sizing is an assump-
tion, but was made due to the lack of relevant informa-
tion specific to this production subsystem.

Production of nitrogen in edible plant biomass (1.0
mol per day)} was based on the difference between total
human consumption {1.14 mol per day) and the edible
fish production (0.14 mol per day). Nitrogen content
of total harvested plant biomass was based on a simple
mixed diet of candidate ALS crops (four parts potato,
two parts wheat, two parts soybean, one part lettuce),
and an estimate of biomass production (28), and nitro-
gen content of these crops (14,26,27) from baseline
studies at KSC. The difference between total harvest
and edible portion gave an inedible daily plant nitro-
gen harvest of 1.0 mol. The total nitrogen content within
the plant growth subsystem (83 mol per person) was
estimated from growth curves of the different crops (29),
and assuming that 1) nitrogen content in the plant tis-
sue does not differ with age, and 2) continuous produc-
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tion of the crops. An edible organic stock (food stor-
age) was set at five times the consumption flux, to pro-
vide an emergency buffer without imposing on the lim-
ited space.

The nutrient solution was modeled after current BPC
experimental hydroponic solutions, containing a con-
centration of 7.5 mM of nitrogen (12}. In this case, a
3:1 (5.6 1o 1.9 mM) nitrate to ammonium ratio was
chosen as ideal for the plants, based on its pH balanc-
ing effect (11). The BPC uses approximately 900 liters
for its 20 m? growing area (23). A smaller volume per
unit growing area has been suggested to reduce overall
system mass (6). Given the previous assumption of in-
creased space utilization for growing area in the BPC
we used an average value of 1000 liters to approximate
the solution volume.

Plant uptake of nitrogen would equal the output at
steady state {i.e., 2.0 mol of nitrogen per person per
day). Assuming a ratio of nitrate 10 ammonium uptake
of 3:1, a nitrate uptake value of 1.5 mol per day and an
ammonium value of 0.5 mol per day were estimated
for the steady-state model.

The Michaelis-Menten equation, which has been
known to describe enzyme reaction kinetics as a func-
tion of substrate concentration, was applied to this
model:

(3]

V= —_—
Y [S]+K

(1)

where Vis the reaction rate, V___ is the maximum reac-
tion rate, K_ is the substrate concentration at half the
maximum reaction rate, and [S] is the substrate con-
centration (22). This equation can also be used to de-
scribe nutrient uptake by roots {18).

Substrate concentration [ 5], for both ammonium and
nitrate, was simply the number of moles of ammonium
or nitrate in their dynamic stocks divided by the total
volume of hydroponic solution (set at 1000 liters); this
determines the molarity of the solution.

The value of K_ can vary considerably with nutri-
tional status or plant age (13), and Sands and Smethurst
(18) list a wide range of K values for various species.
We averaged the values from Sands and Smethurst (18)
and chose a K_ of 0.0001 M. We also applied a range
test for K, using 0.00001 M and 0.001 M to study the
importance of this value.

The maximum reaction rate, V__, was represented
by a constant, (V_, when using steady-state values di-

vided by the steady-state value of plant biomass), mul-
tiplied by the dynamic plant biomass stock. This equa-
tion allowed uptake to be based on the actual amount
of biomass present.

V. steady-state equations:

1.5
0.0056/(0.0056+0.0001)

Vo (NOy = )
0.5

Vmu(NHnt) =
0.0019/(0.0019+0.0001)

(3)

Nitrate (or Ammeonia) Constant =
Vv (NO, or NH)) )

83

Uptake (NO, or NH,) =
NO, (or NH,) Constant x Plant Biomass x  (5)
[SINO, (or NH,)
[SINO, (or NH,) + K|

Denitrification was modeled as a function of nitrate
uptake rather than nitrate concentration because: 1) our
empirical data on denitrification were based on plant
nitrate uptake (23), 2) root activity (i.e., nitrate uptake)
affects carbon and oxygen availability to the denitrify-
ing microbes, and 3) the nitrate concentration at steady
state is three orders of magnitude greater than the half-
saturation constant for denitrification (20). Given a ni-
trate uptake of 1.5 mol of nitrogen per day, the 12%
rate of denitrification (23) would equal 0.18 mol per
day. A separate stock to represent the microorganisms
inhabiting the rhizosphere zones of the roots was uti-
lized for easier examination of components during the
sensitivity analysis. Stock size was estimated from to-
tal bacterial numbers reported for the BPC of 1.6 x 104
cells (9). This cell number was converted to cell vol-
umes using an estimate of 0.1 pm? per cell (1,17). Total
biovolume was converted to nitrogen using a conver-
sion factor of 2.5 x 107" g of nitrogen per um? (16).
This gave a final value of 0.4 g or 0.028 mol of nitro-
gen in the rhizosphere microflora. We estimated that
40% of the total microbes were denitrifiers, yielding a
steady-state stock of 0.01 mol nitrogen in the denitrifier
pool. Denitrification from the bioreactors in resource
recovery was not included due to lack of specific infor-
mation and to maintain model simplicity. The neces-
sity of incleding this flux in the model will be discussed
later.
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Biological nitrogen fixation could be used to con-
vert N, to biologically available nitrogen. In our steady-
state mode], we assumed that nitrogen fixation would
equal the estimate of denitrification. There are differ-
ent thoughts as to what organism might be used as a
nitrogen fixer in a BLSS {e.g., Rhizobia bacteriain sym-
biosis with plants (legumes), cyanobacteria alone, or a
cyanobacteria growing in symbiosis with a water fern].
Doubling time ranges from 1.5 to 9.1 days for two such
organisms utilizing various bioreactors designs for a
BLSS (2,5). We approximated the doubling time for
our model as an average for the two types of organ-
isms: 3.5 days. An adequate nitrogen biomass for the
nitrogen-fixing unit would therefore be 0.63 mol per
person, 3.5 times the required daily fixation. The nitro-
gen fixation equation was made recipient controlled,
as it is more dependent on its amount of biomass than
on the amount of nitrogen in the atmosphere, which is
nonlimiting.

The aerobic bioreactor for microbial processing of
wasles receives inputs from human waste and inedible
biomass, resulting in a total flux of 2.14 mo! of nitro-
gen per person per day. Based on an 8-day turnover of
material (7), the standing stock of the aerobic bioreactor
would be 17.12 mol. Nitrogen would be removed from
the bioreactor as ammonium, nitrate, and organic ni-
trogen. The bioreactor would provide 0.86 mol of or-
ganic nitrogen per day to the aguaculture subsystem
(see above). Nitrate output was based on inedible plant
biomass analyses {14) and estimated at 0.4 mol of ni-
trogen per person per day. The final difference deter-
mines the ammonium waste of 0.88 mol per day.

A nitrification reactor is used to adjust the ratio of
nitrate to ammonium input to the hydroponic solution
based on plant uptake rates. The stock was set equal to
4.36 mol based on a 2-day turnover (21).

Sensitivity Analysis

A sensitivity analysis was conducted on the model
to conceptualize which stocks would be affected most
by abnormalities and which fluxes are the most influ-
ential in the system. The model was run at steady state
for 240 days to attain a baseline. This time frame is a
reasonable scenario that allows for atmospheric resup-
ply of nitrogen from Earth when needed (to correct for
leakage imbalance), as well as allowing parameters to
reach possible equilibria or demonstrate their fluctua-
tions. Each flux equation was increased or decreased

independently, by 10% from its initial steady-state value
and run for the same period of time. Percentage change
of all stocks and fluxes from steady state was noted at
the end of 240 days.

Materials and Apparatus

The mathematical model was constructed using the
Macintosh version of ithink™ 2.2.1 software. All inte-
gration was performed using the fourth-order Runge-
Kutta numerical method. Calculations were made nu-
merically every (.05 days to simulate continuous flow
of nitrogen fluxes.

RESULTS AND DISCUSSION

Conceptualization of the Model

One of the purposes of the model was to provide an
initial quantification of a closed bioregenerative life
support system. The relative amounts of nitrogen con-
tained in each of the stocks Tanged over six orders of
magnitude, from the small denitrifying microbe stock
to the large atmospheric stock (see Fig. 1}, which is
two orders of magnitudes greater than any other stock.
Turnover rates of the different stocks (stock divided by
flux) ranged from 17,722 days for the atmosphere to
0.056 days for the denitrifying microbes (Fig. 1).

Our optimistic, gaseous nitrogen leakage estimate of
0.1% per day still yielded the largest flux in the model.
Nitrogen loss through leakage could be reduced by
decreasing total atmospheric pressure or by reducing
the partial pressure of N, by replacement with another
inert gas. N, could be resupplied directly (i.e., gaseous
additions) or indirectly as nitrogen salts or stored food
and reliance on concomitant denitrification {i.e., encour-
age denitrification rather than discourage). However,
because the estimated rates of denitrification are so
much lower than the estimated leakage rates, direct re-
supply of N, gas appears to be necessary.

Sensitivity Analysis

The results of individually raising or decreasing each
flux by 10% are presented in Tables 1 and 2, respec-
tively. The exception is for K_, which was changed by
a factor of 10 in each instance. These tables indicate
the percent deviation in the stocks from their steady
state after 240 days. This time period in no means
showed maximum deviation or a steady state, but did
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allow time for the modei to approach a partial equilib-
rium where possible. The sensitivity analysis showed
that stock values often did not respond in a linear fash-
ion. but would increase and decrease relative to flue-
tuations in other stocks. The equations allowed for un-
realistic increases and decreases of nitrogen to the
subsystems. We could have applied control mechanisms
{conditional equations) to prevent this but that would
have impeded seeing where the majority of change oc-
curs and which are the most influential fluxes. For ex-
ample, the single conditional equation we used was to
maintain food consumption, and that resulted in the
human stock being unaffected by the changes in the
model. We chose only to apply this type of equation to
the human stock as the human is what 2 BLSS is being
designed for and will be the one stock not open to ma-
nipulation,

The fluxes connected directly to the nitrogen-fixing
unit yielded the most dramatic changes in the model.
Increasing nitrogen fixation by only 10% caused a dra-
matic shift of nitrogen from the atmosphere to the other
components of the system (excluding the homeostatic
human). Nitrogen fixation vastly exceeded denitrifica-
tion; hence, the atmosphere quickly empties in just over
210 days. Decreasing the biomass harvested from the
nitrogen-fixing unit has the same effect; as more bio-
mass is present 10 fix nitrogen, the biomass is increased
and therefore removes even more nitrogen from the
atmosphere. The opposite changes, decreasing nitro-
gen fixation or increasing the biomass harvested, emp-
ties the nitrogen fixation unit in approximately 120 days.
These extreme results are due to two reasons: 1) the
nitrogen fixation unit utilizes the only true recipient-
controlled equation in the model, thereby setting up
positive feedback, and 2) the fixation unit can draw on
the immense pool of atmospheric nitrogen and direct it
to a much smaller pool of organic and ionic~inorganic
nitrogen forms. The dramatic results are partially an
artifact of the model; the positive feedback loop would
be stopped by the vessel in which the cyanobacteria
reside. Yet there is a strong possibility that any addi-
tional nitrogen added into the small pool of nongas-
eous nitrogen could be used to control the system,
whether by a nitrogen-fixing unit, supply of nitrogen
salts, or stored foods. Due to atmospheric leakage cre-
ating such a need for gaseous resupply of nitrogen, a
nitrogen-fixing unit is unwarranted and the latter two
input options more probable as a nitrogen-controlling
mechanism in a BLSS.

Changes in plant uptzake significantly influenced ni-
trogen distribution in the system. The largest effects
were observed in the stocks in direct contact (food stor-
age, solution concentration}, but there is also a 5-35%
change in “distant” stocks when decreasing flux (Table
2). As the K_ value is not well defined, we increased
and decreased K, by a factor of 10 instead of 0.1, to
reflect the range of reported data (18). For the sensitiv-
ity analysis, the K used in our V__ constant was not
changed; only the K in the actual uptake equation was
changed. This adjustment had a relatively large effect
on the model, for adjusting X adjusted the influential
uptake equations. The large effects of plant uptake on
nitrogen dynamics demonstrate that if we cannot de-
fine and control uptake adequately, nitrogen buffers will
be required.

Other infltuential systems included fluxes of harvested
plants and inedible waste, as these fluxes are central to
the entire model. Increasing the plant biomass harvest
of edible and inedible material has a negative effect on
many subsystems because it decreases the amouat of
plant biomass and concomitant nitrogen uptake, This
results in less nitrogen shunted through all the sub-
systems, causing an accumulation in the nutrient solu-
tions. In reality, if too many plants were harvested, one
would not be able to harvest again until the younger
plants reach maturity. For this scenario shown by this
sensitivity analysis to be realistic, it would probably
imply partial removal of plants due to disease or some
other crop failure.

A harvest decrease did not show the same large ef-
fects. The plant biomass stock is enlarged whereas the
solution concentrations are significantly decreased. New
equilibria were reached in approximately 120 days and
the data appeared fairly steady. When inedible waste is
decreased, it increases the plant biomass stock, which
initially increases many systems that the harvest flux
directly influences. These effects start to decrease after
approximately 30 days, when excess biomass is tied up
in the edible storage box. Most stocks decrease to sup-
port the edible storage increase, but the analyses do
illustrate that a new equilibrium is being approached.

Necessary Reservoir and Flux Research

Denitrification from the aerobic processing of waste
was not included in this model for reasons of simplic-
ity and for lack of specific data. Denitrification from
bioreactors is a concern, however, and could be very
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high if microaerophillic or anaerobic conditions exist
in the reactors. Denitrification in the bioreactor could
be considered as a means of resupplying N, gas, but
because rhizosphere denitrification had little effect,
bioreactor denitrification is also unlikely to significantly
influence the system.

Accurate modeling of continuous nitrogen dynam-
ics in the plant subsystem requires more complete data
on nitrogen accumulation in plant tissue with age. For
example, the lack of detailed information on nitrogen
distribution throughout plant growth led to the assump-
tion that moles of nitrogen per gram of dry weight were
constant throughout the growth cycle.

The stock value chosen for the aquaculture unit was
speculative. To assess the need for an accurate value
for the model, the stock itseif was increased and de-
creased by a factor of 10. We repeated the sensitivity
analysis utilizing only the most influential fluxes (i.e.,
the fluxes into and out of the nitrogen-fixing unit). These
fluxes were changed by 10% and the results compared
to the standard sensitivity analysis. The changes to all
stocks from this partial sensitivity analysis merely dem-
onstrated that increasing the amount of nitrogen in the
aquaculture unit gives a more adequate buffer to the
model, and decreasing, a less adequate buffer. If aquac-
ulture is to be included in a BLSS, it will need to be
studied in greater depth to firmly establish its variables.
However, because of subsystem complexity, a first-gen-
eration BLSS will probably not include aquaculture.

CONCLUSIONS

Complete bioregenerative life support testbeds will
not be finished for several years, and even in such
testbeds, specific measurements of individual element
cycling will be difficult. A mass balance model con-
ceptualizes the fluxes and stocks of the system and de-
fines areas for further research. The analysis of this
model provided several interesting insights.

The model shows that leakage is the largest flux in
the system, even when leakage was set to an optirnistic
value of 0.1%. This leakage was 18 times greater than
denitrification (the only flux entering the atmosphere);
hence, resupply of nitrogen gas will be needed. Be-
cause the rate of nitrogen fixation significantly affected
stocks of nitrogen in other subsystems, this subsystem
could be used as a controlling mechanism. However,
because nitrogen fixation would compound the 1oss of
almospheric nitrogen, resupply of nitrogen as nitrate

salts or stored food may be a more effective control
mechanism,

Variation in the uptake of nitrogen by plants also sig-
nificantly influenced other stocks of nitrogen. Because
it is known that uptake will vary considerably accord-
ing to crop type, age, and environmentat conditions (13),
further research is needed to define and control result-
ing perturbations in the nitrogen balance of the system,

The mass balance approach has increased our un-
derstanding of the distribution and cycling of nitrogen
within a bioregenerative system. Simple mathematical
analysis has helped prioritize areas for further research,
both in terms of parameter definition and control sys-
tem development. Although onrly biological processes
have been discussed in this model, the influence of
physical-chemical processes on nitrogen cycling could
be readily evaluated with this approach.
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